Introduction
The grasses are a clade of more than 10,000 species, which exhibit conserved morphology and genome architecture (Bennetzin and Freeling, 1993) . Grasses have adapted to grow in a wide range of climates and ecologies across the globe, with 20% of total land area covered by ecosystems dominated by grasses (Shantz, 1954) . As a result, the range of tolerance to abiotic stresses present in the grass family (Poaceae) far exceeds that present within any single grass species. However, to date, studies attempting to identify determinants of "Schnable-Lab-UNL" -2017/3/28 -17:34 -page 2 -#2 i i i i i i i i abiotic stress tolerance at a genetic or genomic level have predominantly focused on individual species (Chopra et al., 2017; Priest et al., 2014; Revilla et al., 2016; Tiwari et al., 2016; Waters et al., 2017) . Identifying changes in gene regulation across even closely related species is more challenging, and the associated methods are far less advanced. Here we seek to develop effective methods for comparing gene regulatory patterns between syntenic orthologous genes in closely related species.
The majority of genetic changes with phenotypic effects can be broadly classified into two categories, those that alter protein coding sequence, and those that alter the regulation of gene expression. DNA sequence changes that alter protein coding sequence can be identified in a straightforward fashion. The probability that a given polymorphism in protein coding sequence will have a phenotypic effect can also often be estimated. At a basic level this involves classification as synonymous, missense and nonsense mutations. However, information on the overall level of evolutionary conservation for a given amino acid residue can also be used to increase the accuracy of these predictions (Cooper et al., 2005; Ng and Henikoff, 2001; Reva et al., 2011) . Both genes involved in development, and those involved in abiotic stress response tend to be associated with large quantities of conserved regulatory sequences (Freeling et al., 2007; Sun et al., 2010; Turco et al., 2013) . Single species studies have revealed that abiotic stresses in general cause changes in regulation of large proportions (10-20%) of expressed genes (Chopra et al., 2015; Lee et al., 2005; Makarevitch et al., 2015; Venu et al., 2013) .
For initial cross species comparisons, data on changes in the transcriptional responses to cold stress of maize and sorghum was employed.
Cold was selected as a stress which could be delivered in a consistent fashion and time frame.
Maize and sorghum were selected based on their close evolutionary relationship (Swigoňová et al., 2004) , high quality sequenced genomes (Paterson et al., 2009; Schnable et al., 2009) , and common susceptibility to cold stress (Chinnusamy et al., 2007; Hetherington et al., 1989; Wendorf et al., 1992) . One ultimate goal of cross species comparisons of transcriptional regulation would be to link changes in regulation to changes in phenotype. Initially, comparing closely related species where gene regulation should be largely conserved provides a more useful platform for developing and testing comparative approaches.
Comparison of syntenic orthologous genes in maize and sorghum indicated both conserved and lineage specific patterns of cold responsive regulation are common, with different biological functions represented in these two classes of cold-responsive genes. Conserved patterns of cold responsive regulation are more common initially, however as the length of cold stress increases, the number of genes with conserved responses in 2 "Schnable-Lab-UNL" -2017/3/28 -17:34 -page 3 -#3 
Results
Parallel analyses were conducted using a set of 15,232 syntenic orthologous gene pairs conserved between the maize1 subgenome and sorghum and 9,554 syntenic gene pairs conserved between the maize2 subgenome and sorghum Tang et al., 2011) . Gene expression data generated from whole seedlings under control conditions showed syntenic orthologs exhibited reasonably well correlated patterns of absolute gene expression levels between sorghum and either subgenome of maize (Spearman's rho = 0.79-0.84, Pearson r = 0.67-0.85, Kendall rank correlation 0.67-0.63, supplementary fig. S1). This observation is consistent with previous reports from analysis of expression across reproductive tissues in three grass species (Davidson et al., 2012) .
The lethal effect of prolonged cold stress on maize and sorghum (Ercoli et al., 2004; Hetherington et al., 1989; Olsen et al., 1993; Sánchez et al., 2014; Shaykewich, 1995) Methods). Measurements of impairment of CO 2 assimilation rates after recovery from a controlled length cold stress were employed to provide more quantitative measures of cold stress tolerance.
Six panicoid grass species were assessed using this method ( fig. 1D ). After one day of cold stress, the species can be broadly classified as either cold stress insensitive or cold stress sensitive with both maize and sorghum in the cold stress sensitive category. A longer period of cold stress (3 days) demonstrated greater impairment of CO 2 assimilation rates in sorghum than in maize, consistent with previous reports on the relative cold sensitivity of these two species (Chinnusamy et al., 2007; Chopra et al., 2017; Fiedler et al., 2016; Hetherington et al., 1989; Wendorf et al., 1992) . S1 ). Among maize1/sorghum syntenic gene pairs 1,634 (10.7%) and 2,343 (15.4%) genes were classified as differentially expressed genes (DEGs) between control and cold stress in each species, respectively, using conventional differential 3 "Schnable-Lab-UNL" -2017/3/28 -17:34 -page 4 -#4
Conventional differentially expressed gene analysis
Representative seedling phenotypes for maize (left) and sorghum (right). (A) control conditions (B) 24 hours of stress at 6 degrees Celsius (C) 14 days at 6 degrees Celsius and two days recovery under greenhouse conditions. (D) Normalized relative CO 2 assimilation rates for plants measured under control conditions or after 1 or 3 days of cold stress. Individual datapoints were jittered on the x-axis to avoid overlap and improve readability. (E) Comparison of expected and observed value for gene pairs identified as differentially expressed in response to cold in zero, one, or both species using either maize1/sorghum or maize2/sorghum pairs. Expected distributions were calculated based on a null hypothesis of no correlation in gene regulation between maize and sorghum (see Methods). Given the close relationship of these two species (Swigoňová et al., 2004) , the fact that both are indigenous to tropical latitudes (De Wet, 1978; van Heerwaarden et al., 2011) , the high degree of promoter conservation observed in abiotic stress responsive genes (Freeling et al., 2007) , the apparent low degree of conservation in cold stress responsive relation should have been unexpected. However, while being conceptually unexpected, this result is consistent with studies that have found significant divergence in abiotic stress responses between different haplotypes in maize (Waters et al., 2017) One potential explanation is that the same cold stress pathways are being induced in maize and sorghum, but these pathways are induced more rapidly in one crop than the other when exposed to equivalent cold stresses. To test this potential explanation, a more detailed 
Differentially regulated ortholog analysis
The conceptually unexpected but that relatively few shared differentially expressed genes were 5 "Schnable-Lab-UNL" -2017/3/28 -17:34 -page 6 -#6 
Functional differences between genes with conserved or lineage specific regulatory patterns
Genes classified as responding to cold stress in both species (DE2) tended to have significantly lower ratios of nonsynonymous nucleotide changes to synonymous nucleotide changes (Ka/Ks ratio) than genes which responded to cold stress in only one species or in neither species. This indicates genes with conserved patterns of cold responsive regulation experience stronger purifying selection than genes with lineage specific patterns of cold responsive regulation ( fig. 4A-B) . Genes in the DE2 category were also more likely to be classified as transcription factors by Grassius (Yilmaz et al., 2009 ). 
Discussion
Previous studies in maize and sorghum have reported that 10-15% of all expressed genes respond transcriptionally to cold stress (Chopra et al., 2015; Makarevitch et al., 2015) . A study of three genotypes of maize using F1 hybrids reported that between 1.7-14.6% of genes assayed and 4.2-33.2% of cold responsive genes showed significant cis-regulatory variation between alleles in response to cold stress (Waters et al., 2017) .
Here we found that, while a consistent percentage of conserved genes responded transcriptionally to cold stress in maize and sorghum, the proportion of genes which responded similarly between these two species was much lower. Correcting for the 
The challenge of linking genes to functions based on expression evidence
The model above would predict than the observation of stress-responsive changes in transcript abundance in a single species are not strong evidence that the associated gene plays a role in the response to that particular stress. While sequencing genomes and identifying genes is becoming a more straightforward task, 
Importance of developing methods for cross-species comparisons of transcriptional regulation
Both modeling (Orr, 1998 (Orr, , 1999 and empirical studies (Chan et al., 2010; Studer et al., 2011) have found that genetic variants responsible for large sudden changes in natural or artificial selection tend to have large and pleiotropic effects.
In maize, distinct genetic architecture underlying traits which had been subjected to selection during domestication -one large effect QTL and many small modifiers -and traits which were not selected on during domestication -many small effect QTL (Wallace et al., 2014) . This model was supported by recent work with an intersubspecies cross of maize and its wild progenitor teosinte (Zea mays ssp. parviglumis). Looking at tassel morphology, distinctly genetic architectures were reported for traits believed to have been under selection during domestication compared to those traits which were not (Xu et al., 2017) .
Developing effective approaches for comparing transcriptional regulation of conserved syntenic genes across related grass species has the potential to identify large effect polymorphisms responsible for interspecies phenotypic variation in traits such as abiotic stress tolerance where substantial phenotypic variation exists between species ( fig.   1D ).
Here we have shown that by using synteny to identify pairs of conserved orthologs across CO 2 assimilation rates measurement Plants were grown and cold treated as above, with the modification that in the cases of sorghum, small plastic caps were placed over the seedlings to prevent plants from becoming too tall to fit into the LiCor measurement chamber (approximately two inches). After 0, 1, or 3 days of cold treatment, plants were allowed to recover in the greenhouse overnight. The following morning, CO 2 assimilation rates were measured using the the Li-6400 portable photosystem unit under the following conditions: PAR 200 mol mol -1 , CO 2 at 400mol mol -1 with flow at 400 mol mol -1 and humidity at greenhouse conditions. Whole plant readings were measured for sorghum, foxtail millet, paspalum, and urochloa after covering their pots with clay and using the LiCor "Arabidopsis chamber." Maize was measured using the leaf 13 "Schnable-Lab-UNL" -2017/3/28 -17:34 -page 14 -#14 
Materials and Methods

Plant growth and cold treatment
Identifying syntenic orthologs
Coding sequence data for primary transcripts of each annotated gene in the genome assemblies of 8 grass species including maize and sorghum in the analysis was obtained from Phytozome 10.2. Similar sequences were identified using LASTZ (Harris, 2007) , requiring an alignment spanning at least 50% of total sequence length and 70% sequence identity. In addition, the arguments -ambiguous=iupac, -notransition, and -seed=match12 were all set in each run. LASTZ output was converted to QuotaAlign's "RAW" format using a version of the blast to raw.py script which had been modified to take into account differences in output format between BLAST and LASTZ. The additional parameterstandem Nmax=10 and -cscore=0.5 were specified when running this script. 
RNA-seq data generation
RNA isolation and library construction followed the protocol described by Zhang et al. (Zhang et al., 2015) . The number of reads generated per library are summarized in (supplementary (Martin, 2011) . RNA-seq reads were mapped to genome assemblies downloaded from phytozome: v6a (Zea mays), v3.1 (Sorghum bicolor ). RNAseq reads from each species were aligned using GSNAP version 2014-12-29 (Wu and Nacu, 2010; Wu and Watanabe, 2005) 
Identifying differentially expressed genes (DEG)
Differentially expressed genes (DEGs) were identified using count data generated as described Estimating the true discovery percentage in analyses of DE2 genes (see fig. 1E, fig. 2B ), it was necessary to calculate the number of (Yang, 2007) .
Synonymous and nonsynonymous substitution rates were calculated independently for each branch of the tree. When both a maize1 and maize2 gene copy were present for the same syntenic gene group, alignment and substition rate calculations were conducted separately for the maize1 gene and its syntenic orthologs in sorghum and setaria and for the maize2 and the same syntenic orthologous genes. To eliminate genes with extreme Ka/Ks ratios resulting from very low numbers of synonymous substitutions, only Ka/Ks ratios from genes with an estimated synonymous substitution rate greater than or equal to 0.05 -approximately 1/2 the median Ks ratio observed between maize and the most common recent ancestor of maize and sorghumwere considered. 
MNase hypersensitive site analysis
